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Abstract
Acidic ribosomal P-proteins form, in all eukaryotic cells, a lateral protuberance, the so-called ‘stalk’, which is directly
involved in translational activity of the ribosomes. In Saccharomyces cerevisiae cells, there are four distinct P-proteins: P1A,
P1B, P2A and P2B. In spite of the high level of their structural homology, they are not completely equivalent and may
perform different functions. As yet, the protein-protein interactions between yeast P-proteins have not been fully defined. In
this paper, the interplay between yeast P-proteins has been investigated by means of a two-hybrid system, chemical cross-
linking and gel filtration. The data presented herein show that all P-proteins are able to form homo-oligomeric complexes. By
analyzing hetero-interactions, we were able to detect strong interactions between P1A and P2B proteins. Additionally, the
pair of P1B and P2A proteins is also able to form a hetero-complex, though at a very low efficiency. All P-proteins are
phosphorylated by numerous protein kinases. Using the multifunctional protein kinase CK II, we have shown that
incorporation of phosphate into P1A protein can exert its effect on the hetero-oligomerization process, namely by preventing
the formation of the hetero-oligomer P1A-P/P2B. These findings are the first to show differences in the oligomerization
behavior of the yeast P-proteins; moreover, they emphasize a significant impact of the phosphorylation on the formations of
P-protein complex. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
The completion of the entire genome of Saccharo-
myces cerevisiae [1], the determination of the whole
set of yeast ribosomal proteins [2], as well as the
determination of the three-dimensional structure of
yeast ribosome [3,4] have brought signi¢cant insights
into the ¢eld of protein synthesis. Yet, concerning
numerous ribosomal proteins, functions and interac-
tions have not been precisely elucidated so far, as is
the case of a group of acidic proteins from the large
ribosomal subunit. Although these last have been
subjected to extensive studies, the function, structure
and interplay between themselves or between other
ribosomal components have not been clari¢ed satis-
factorily yet.
Acidic ribosomal proteins belong to one of the
most characteristic and best preserved proteins on
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the prokaryotic and eukaryotic ribosomes: on the
large ribosomal subunit they form a highly £exible
lateral protuberance, the so-called stalk. This struc-
ture is responsible for interactions with translation
factors during protein synthesis. These proteins are
unique among the ribosomal ones, due to their acidic
pI and existence as the only molecules on the ribo-
somes in multicopy [5]. The bacterial stalk is com-
posed of two dimers of L7 and L12 proteins, en-
coded by the same gene and di¡ering from one
another in the fact that L7 protein contains an acetyl
group at the N-terminus, while L12 does not [6].
Despite the functional similarities to their bacterial
counterparts, the eukaryotic acidic ribosomal pro-
teins are distinct by themselves. In the primary struc-
ture, the similarity between them is very low, so that
it is mainly restricted to the so-called hinge region,
an alanine/glycine enriched sequence [7]. Additional-
ly, the eukaryotic proteins are encoded by independ-
ent genes, and the number of proteins is changeable,
depending on their origin. Thus, higher eukaryotic
cells ^ such as those of mammals ^ have two acidic
ribosomal proteins [8], plants have four proteins [9],
and lower eukaryotes ^ such as those of Saccharo-
myces cerevisiae ^ have also four di¡erent proteins
[2]. Another feature to distinguish prokaryotic and
eukaryotic acidic ribosomal proteins is that the eu-
karyotic proteins are phosphorylated [10] by several
protein kinases including pleiotropic CK II [11],
highly speci¢c PK60S [12], and a family of RAP
protein kinases [13]. For that reason, this group of
eukaryotic ribosomal proteins is called P-proteins.
On the basis of primary sequence similarities, they
are categorized into two groups, P1 and P2 [14],
with the exception of plants which contain an extra
P3 group [9]. Another feature characteristic of eu-
karyotic acidic ribosomal proteins is the possibility
to be exchanged with a cytoplasmic pool of P-pro-
teins [10]. Moreover, they have an intriguing C-ter-
minal 11 amino acidic sequence, which is extremely
well preserved in all eukaryotic organisms, from
yeast down to humans [7].
Concerning the structure of acidic ribosomal P-
proteins, only bacterial L7/L12 proteins have been
given much attention. Based upon biochemical stud-
ies [15,16], NMR spectroscopy [17], cryo-electron
microscope reconstruction [18] and X-ray study
[19], the (L7/L12)2 tetramer is believed to function
as a very elongated £exible element of the ribosome.
In the case of eukaryotic P-proteins, however, the
spatial arrangement has not been fully elucidated.
Biochemical studies on yeast ribosomes showed the
N-terminal part of P-proteins to be responsible for
the interaction with the P0 ribosomal core protein.
Yet accurate binary interactions between the yeast P-
proteins still remain uncertain [20,21]. Other studies
on Artemia salina [22] and on rat [23] P-proteins have
been performed, but the spatial arrangement among
these acidic ribosomal proteins has not been eval-
uated precisely either. The only data to show accu-
rately the interplay between P-proteins are from an
experiment on human P-proteins, revealing that these
particles preferentially form the heterodimer P1-P2
[24].
The main objective of this study is to analyze the
spatial arrangement among the acidic ribosomal P-
proteins of yeast cells. In spite of several approaches
of other authors, the con¢guration of P-proteins in
the ribosomal stalk has not been fully clari¢ed.
Therefore, we have undertaken to analyze the inter-
actions between all yeast proteins, P1A, P1B, P2A
and P2B, using several experimental methods such
as a two-hybrid system, chemical cross-linking and
size exclusion chromatography. Additionally, the ef-
fect of phosphorylation on oligomerization proper-
ties was examined.
2. Materials and methods
2.1. Materials
Restriction and modifying enzymes were pur-
chased from MBI Fermentas (Lithuania). The QIA-
quick PCR puri¢cation kit was from Qiagen. Paper
¢lters No. 5 for the colony-lift ¢lter L-galactosidase
assay were purchased from Whatman BioSystems.
The S. cerevisiae cDNA library in pBSIISK3 was
the generous gift of Dr. Johannes Regenbogen, Lab-
oratorium fu«r Molekulare Biologie, Genzentrum der
Universtita«t Mu«nchen.
2.2. Two-hybrid system
Escherichia coli DH5K was used as a host strain
for all plasmid constructions. DNA was manipulated
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by standard methods [25]. Two strains, S. cerevisiae
HF7c (MATa, ura3-52, his3-200, lys2-801, ade2-101,
trp1-901, leu2-3, 112, gal4-542, gal80-538, LYS2 : :
GAL1-HIS3, URA3 : :(GAL4 17-mer)3-CYC1-lacZ)
[26] and SFY526 (MATa, ura3-52, his3-200, ade2-
101, lys2-801, trp1-901, leu2-3, 112, canr, gal4-542,
gal80-538, URA3 : :GAL1-lacZ) [27], were used
(Clontech Laboratories). Yeast-E. coli shuttle vec-
tors, pGBT9 carrying the yeast GAL4 binding do-
main (BD), and pGAD424 carrying the GAL4 acti-
vation domain (AD) [28] were obtained from
Clontech Laboratories as a part of the MatchMarker
Two-Hybrid System. All chemicals used for yeast
handling and the L-galactosidase assay were obtained
from Sigma. All vectors were co-transformed into the
yeast cells according to the manufacturer’s (Clontech
Laboratories) instructions (lithium acetate method),
and the transformants were selected on solid syn-
thetic minimal medium, free of tryptophan and leu-
cine. The colony-lift ¢lter L-galactosidase assay was
performed using SFY526 as host cells. In short, the
transformed yeast colonies were streaked onto paper
¢lters layered over the solid synthetic minimal me-
dium, free of tryptophan and leucine. These plates
were incubated at 30‡C for 3 days. Subsequently,
the ¢lters were removed from the plates and sub-
merged in liquid nitrogen for 10 s and then placed
on other paper ¢lters presoaked in Z-bu¡er (16.1 g/l
Na2HPO4W7H2O, 5.5 g/l NaH2PO4WH2O, 0.75 g/l
KCl, 0.246 g/l MgSO4W7H2O) containing 0.27 ml
2-mercaptoethanol and 1.67 ml 5-bromo-4-chloro-3-
indolyl-L-D-galactopyranoside (X-gal) (20 mg/ml in
dimethylformamide, stock solution) per 100 ml. Fil-
ters were then incubated at 30‡C and periodically
examined for the appearance of a blue color.
2.3. Plasmid construction
Genes for the yeast ribosomal P-proteins were am-
pli¢ed by the PCR method using the cDNA library.
The following oligonucleotide primers were used:
P1A, forward primer: 5P-AGG AGA ATT CGC
ATG TCT ACT GAA TCC GCT-3P, reverse primer:
5P-GGA GGG GAT CCT TTC TTC TAA ACA
GTG CGG CA-3P ; P1B, forward primer: 5P-GGG
GAA TTC AGG AGG AAG AAA ATG TCT GAC
TCT ATT A-3P, reverse primer: 5P-GGA GGG GAT
CCT TTA AAT ACT GAT TGA TTA GAG GT-
3P ; P2A, forward primer: 5P-GGG GAA TTC AGG
AGT ACA AAA ATG AAG TAC TTA GCT GC-
3P, reverse primer: 5P-GGA GGG GATCCT AAC
CAG TAA AAC AAT CGG TTT GA-3P ; P2B, for-
ward primer: 5P-GGG GAA TTC AGG AGA ACA
GAA ATG AAA TAC-3P, reverse primer: 5P-GGA
GGG GAT CCT AAA ATG AAG GAA AAC-3P.
In order to facilitate the subcloning procedure into
pGBT9 and pGAD424 vectors, the primers used for
PCR contained respective endonuclease restriction
sites at either end of the P-protein genes: EcoRI at
the 5P end, and BamHI at the 3P end. The program
for DNA ampli¢cation was as follows: 95‡C 30 s,
55‡C 15 s, and 72‡C 60 s. All DNA fragments
were puri¢ed using the QIAquick PCR puri¢cation
kit. The resulting fragments were digested with re-
spective restriction endonucleases and then ligated
into the yeast expression vector pGBT9 or
pGAD424 in the frame ^ the GAL4 DNA binding
domain or the GAL4 DNA activation domain. Junc-
tions and sequences of all constructs were sequenced
on a Macrophor sequencing system (Pharmacia Bio-
tech), using a Sequenase Version 2.0 DNA Sequenc-
ing kit, in order to verify the correctness of ampli¢ed
sequences. The vectors with subcloned fragments
were named as follows: BD-P2A and BD-P2B rep-
resent fusion proteins of the binding domain (BD)
with P2A and P2B yeast P-proteins; AD-P1A, AD-
P1B, AD-P2A and AD-P2B re£ect fusion proteins of
the activation domain (AD) with the respective yeast
P-proteins. BD-P1A and BD-P1B constructs were
not used for the analysis because of the transactiva-
tion potential of these proteins [29].
2.4. Chemical cross-linking
The recombinant acidic ribosomal proteins were
prepared and puri¢ed as described earlier [30]. 15
Wg of proteins in 25 Wl of 20 mM potassium phos-
phate bu¡er pH 7.0 were incubated for 10 min at
25‡C in the presence of 10 mM freshly prepared glu-
taraldehyde. The reaction was stopped by addition of
SDS-PAGE loading bu¡er and analyzed by SDS-
PAGE in 15% acrylamide slab gels, according to
the method of Laemmli [31]. Protein bands were vi-
sualized by staining with Coomassie brilliant blue R-
250. The molecular masses of cross-linked complexes
of the P-proteins were analyzed on the basis of a
BBAMCR 14692 6-12-00
M. Tcho¤rzewski et al. / Biochimica et Biophysica Acta 1499 (2000) 63^73 65
calibration curve made with protein standards: phos-
phorylase b 94 kDa, albumin 67 kDa, ovalbumin 43
kDa, carbonic anhydrase 30 kDa, trypsin inhibitor
20 kDa, K-lactalbumin 14.4 kDa.
2.5. Preparation of homo- and hetero-oligomers
Homo- and hetero-oligomers were prepared in na-
tive as well as in denaturing conditions by mixing the
recombinant P-proteins in equal molar amounts. Na-
tive conditions: 14 nmol (about 150 Wg) of each pro-
tein were mixed in 100 Wl bu¡er containing 50 mM
Tris-HCl pH 7.5, 150 mM NaCl. Subsequently, the
mixture was incubated at 30‡C for 30 min and then
analyzed by FPLC. Oligomerization of P-proteins in
denaturing conditions was performed by mixing the
same amounts of P-proteins in 6 M guanidine hydro-
chloride and subsequently the denaturing reagent
was removed by extensive dialysis against bu¡er con-
taining 50 mM Tris-HCl pH 7.5, 150 mM NaCl.
After dialysis the samples were directly analyzed by
FPLC.
2.6. Gel ¢ltration chromatography
The gel ¢ltration analysis of the oligomeric forms
of recombinant ribosomal P-proteins was performed
using the Aº kta Puri¢er system from Amersham Phar-
macia Biotech, equipped with a Superose 12 HR
10/30 FPLC gel ¢ltration column. Before analysis,
the column was calibrated with the protein stan-
dards (ribonuclease A 13.7 kDa, chymotrypsinogen
A 25 kDa, ovalbumin 43 kDa, bovine serum albu-
min 67 kDa, aldolase 158 kDa, blue dextran 2000,
obtained from Amersham Pharmacia Biotech) in
bu¡er containing 50 mM Tris-HCl pH 7.5, 150
mM NaCl. The £ow rate was 0.2 ml/min. The cali-
bration curve was drawn by plotting the Kav on the
y axis and the logarithm of molecular weight on the
x axis. Kav was calculated from the formula
Kav = (Ve3V0)/(Vt3V0), where Ve stands for the
eluted volume, V0 for the void volume, and Vt for
the total bed volume. The percentage of oligomeric
and monomeric forms of the recombinant P-protein
was analyzed on the basis of peak area calculated
by the Unicorn program provided by Amersham
Pharmacia Biotech together with the Aº kta FPLC
system.
2.7. Phosphorylation of the recombinant P-proteins
The standard reaction mixture (100 Wl) contained
20 mM Tris-HCl pH 7.5, 15 mM MgCl2, 5 mM 2-
mercaptoethanol, 2 mM ATP as phosphate donor,
protein kinase CK II isolated from yeast cells [11],
and 150 Wg of recombinant P-protein. Reactions
were incubated at 30‡C for 2 h, and then terminated
by addition of 1 Wg heparin.
2.8. Miscellaneous
The protein concentration was measured by the
Bradford procedure, using bovine serum albumin as
a protein standard [32]. Isoelectrofocusing was per-
formed according to the procedure described earlier
[33].
3. Results
3.1. Analysis of interactions between the ribosomal
P-proteins by two-hybrid system
To assess in vivo the binary interactions between
yeast P-proteins, we have employed the two-hybrid
system for the study of protein-protein interactions,
as described in detail by Fields and Song [34]. The
cDNAs encoding yeast acidic ribosomal P-proteins
were PCR ampli¢ed, then subcloned into the
pGBT9 and pGAD424 vectors. All P-proteins were
fused with the BD and AD domains as described in
Section 2, except for the proteins from the P1 sub-
group, which were fused only with the AD domain,
due to their transactivation potential. Di¡erent com-
binations of the constructs were co-transformed into
yeast host cells SFY526 with the L-galactosidase re-
porter gene (lacZ), which is controlled by a TATA
portion of the GAL1 promoter and by the GAL1
upstream activating sequence. All possible interac-
tions between the hybrid-proteins were determined
by the colony-lift ¢lter L-galactosidase assay. The
experiment showed the P-proteins to be able to
form hetero- and homo-complexes; however, the ef-
¢ciency of the process is di¡erentiated. The results
are summarized in Table 1. Weak interactions were
observed between proteins belonging to subgroup P2
(BD-P2A/AD-P2A or BD-P2B/AD-P2B) and be-
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tween proteins belonging to subgroups P1 and P2
(AD-P1B/BD-P2A). In all these cases, a blue color
of yeast colonies was developed after 24 h incuba-
tion. The strongest signal and, thus, the strongest
interaction were observed for the P1A and P2B pro-
teins (AD-P1A/BD-P2B). In this case, the developing
reaction was accomplished after 1 h, whereas no in-
teractions between other P-proteins were noticed. It
should be noted here that the examination of inter-
actions between P1A and P1B proteins by the two-
hybrid system was not applicable due to the tran-
scriptional activity of both proteins [29]. Therefore,
the analysis of potential homodimers among these
proteins was not possible.
3.2. Chemical cross-linking of the yeast P-proteins
In order to verify the results from the two-hybrid
system, we have applied an additional approach ^
chemical cross-linking with glutaraldehyde as a
cross-linking reagent. We were interested in the com-
parison of the P-proteins’ relative a⁄nity to form
homo- vs. hetero-oligomers. P-protein oligomers
with di¡erent molecular masses, generated by the
cross-linking method, were analyzed by SDS-
PAGE. As indicated in Fig. 1, the presence of mono-
mers with apparent molecular masses around 14 kDa
was visible on the gel for all acidic ribosomal P-pro-
teins. Dimers with molecular masses of around 26
kDa were clearly formed in the case of P1B, P2A
and P2B proteins, though poorly observed for the
P1A protein. The P2B protein forms two additional
complexes with apparent molecular masses of around
42 kDa and 63 kDa. In the case of the P1A protein,
chemical cross-linking indicated that apart from
monomeric and dimeric complexes, this protein had
a higher-order oligomer, unable to enter into the slab
gel, as it was showing a smear at the start point.
The analysis of hetero-oligomer formation after
chemical cross-linking was not fully feasible, because
the molecular masses of homo- and hetero-oligomer-
ic complexes of all P-proteins are similar.
Fig. 1. SDS-PAGE of P-proteins submitted to glutaraldehyde
cross-linking. Molecular masses of oligomeric forms of the P-
proteins are shown on the right side of the slab gel.
Table 2
Oligomeric forms of acidic ribosomal P-proteins determined by
size exclusion chromatography
Mol. mass (kDa) %
P1A 6 300 72
42 5
10 23
P1B 6 300 1
42 87
24 5
10 7
P2A 52 71
26 14
10 15
P2B 120 10
60 76
26 2
10 12
The amount of oligomeric forms of P-proteins following gel ¢l-
tration chromatography was evaluated by the Unicorn program
(see Section 2).
Table 1
Analysis of interactions between P-proteins employing GAL1
promoter system, using colony-lift ¢lter L-galactosidase assay
BD-P2A BD-P2B BD
AD-P1A 3 ++++ 3
AD-P1B +/3 3 3
AD-P2A +/3 3 3
AD-P2B 3 +/3 3
AD 3 3 3
The number of plus signs stands for the relative rates at which
the transformed yeast cells turned blue after incubation at 30‡C
on the ¢lter paper. ++++, 1^3 h; +/3, s 24 h. At least ¢ve in-
dependent transformants were tested for each assay.
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3.3. Oligomerization properties of the acidic ribosomal
P-proteins analyzed by gel ¢ltration
chromatography
3.3.1. Analysis of homo-oligomers
An additional method, which con¢rms the oligo-
meric nature of the P-proteins, was gel ¢ltration
chromatography. All oligomeric forms of P-proteins
were analyzed by the FPLC system. The summary of
gel ¢ltration analysis is depicted in Table 2. The P1A
protein chromatogram shows two major forms. The
¢rst one is eluted with the void volume of the col-
umn, which means that the molecular mass of that
oligomer exceeds the resolution capacity of the col-
umn (300 kDa). The second one corresponds to a
monomer with an apparent molecular mass of about
10 kDa. There is also a minor protein form with a
molecular mass of about 42 kDa. In the case of the
P1B protein there is one dominant protein structure
which corresponds to an oligomeric form with an
apparent molecular mass of about 42 kDa. Addition-
ally, two forms of P1B protein with molecular masses
of about 10 and 24 kDa are also observed, though to
a much lesser extent.
Considering the proteins from the P2 subgroup,
the P2A protein is eluted as one main oligomeric
form with a molecular mass of about 52 kDa, and
two minor peaks corresponding to oligomers with
molecular masses of about 26 kDa and 10 kDa.
The P2B protein forms three oligomeric complexes
with molecular masses of 120, 60 and 26 kDa, and a
monomeric form of 10 kDa. It is noteworthy here
that the oligomer with a molecular mass of about
60 kDa masks the additional oligomeric form of
52 kDa, which is vaguely separated and eluted as
a shoulder of the main 60 kDa peak (Fig. 2A).
When the P2B protein concentration decreased 10
times (from 2 mg/ml to 0.2 mg/ml) before chroma-
tography, we observed one peak of P2B protein with
a molecular mass of 52 kDa (data not shown). Emer-
gence of heavier species, when the P2B protein con-
centration was increased, would be an argument for
the existence of a concentration-dependent self-asso-
ciation system in the solution, as reported by others
[35].
3.3.2. Hetero-oligomerization properties
Although the P-proteins with bilateral hydropho-
bic zipper as a hypothetical structure [36] exhibited
the ability of homo-oligomerization, it was still to be
proved whether they are also able to form hetero-
oligomers. For this purpose, equal molar amounts
Fig. 2. Analysis of the hetero-oligomeric form P1A-P2B by gel
¢ltration chromatography. (A) P1A and P2B proteins were
mixed in equal molar amounts in native conditions. (B) P1A
and P2B proteins were mixed in denaturing conditions and then
co-renatured (see Section 2). (C) Isoelectrofocusing analysis of
protein peaks. Molecular masses of the oligomers, marked in
kDa on the graph, were determined in relation to the molecular
mass protein standards as described in Section 2.
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of each protein were mixed in all possible combina-
tions and analyzed by FPLC. We should like to
stress here that only one pair of P-proteins, P1A-
P2B, formed clearly a hetero-oligomeric protein com-
plex, with an apparent molecular mass of 70 kDa
(Fig. 2A). This complex was e⁄ciently formed
when mixing the P1A-P2B proteins in denaturing
conditions and co-renaturing together (see Section 2
and Fig. 2B). The isoelectrofocusing analysis (Fig.
2C) has shown that the protein peak, corresponding
to the hetero-oligomeric form with a molecular mass
of 70 kDa, contains only P1A-P2B proteins. Interest-
ingly, neither P1A nor P2B does form by itself olig-
omers with a molecular mass of 70 kDa (see Table
2). In case of other P-proteins, hetero-oligomeric
forms were not observed.
3.3.3. E¡ect of phosphorylation
Since all acidic ribosomal P-proteins are phosphor-
ylated in vivo as well as in vitro by numerous protein
kinases (see Section 1), it was interesting to know
whether phosphorylation had an e¡ect on the oligo-
merization properties of the P-proteins. In order to
verify this, all P-proteins were phosphorylated by
yeast protein kinase CK II and then subjected for
oligomerization in all possible combinations. Our
studies revealed that phosphorylation had a signi¢-
cant e¡ect on formation of the hetero-complex P1A-
P2B. The crucial role has been assigned to the phos-
phorylated form of P1A protein (P1A-P), which sig-
ni¢cantly prevents the formation of the hetero-olig-
omer of P1A-P/P2B. As presented in Fig. 3, the 70
kDa peak area of hetero-oligomer P1A-P/P2B calcu-
lated on the basis of the Unicorn program shows a 5-
fold decrease as compared to the 70 kDa peak area
of the hetero-oligomer P1A-P2B, in which P1A is not
phosphorylated (compare Fig. 2A). On the other
hand, phosphorylation of P2B protein had no e¡ect
on the formation of the P1A-P2B complex (Fig. 3).
The phosphorylation of other P-proteins had no ef-
fect on changes in oligomeric behavior (data not
shown).
4. Discussion
Although studies striving to understand the pro-
tein complex formed by the acidic ribosomal P-pro-
teins have been conducted for several years, the bi-
nary interactions between them are not precisely
de¢ned. The analysis of interactions between eukary-
otic P-proteins started with experiments on A. salina
ribosomes [22]. The authors have only proved the
presence of homodimers P1-P1 and P2-P2; however,
the possibility of heterodimeric complex formation
among ribosomal P-proteins has not been excluded.
Other data were brought by experiments on rat ribo-
somal P-proteins using £uorescence measurement,
pointing out that P1 and P2 may interact with each
other [23]. Not long ago, we demonstrated interac-
tions between human P-proteins using a two-hybrid
system. We have concluded that the heterodimer of
P1-P2 proteins is formed preferentially to a homo-
dimer [24]. Thus the arrangement of the four P-pro-
teins of the yeast S. cerevisiae seems to be more
complicated and the precise organization of these
proteins on the ribosomal stalk has not been deter-
mined. So far only indirect evidence has been pro-
Fig. 3. Gel ¢ltration analysis of the phosphorylated forms of
hetero-oligomers. Interactions between P1A-P/P2B and between
P1A/P2B-P were performed in native conditions.
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vided that yeast P-proteins are able to form oligo-
meric complexes [20,21,37].
In this paper we have undertaken to de¢ne inter-
actions among the yeast acidic ribosomal P-proteins
using three di¡erent biochemical methods. Our ¢rst
approach was a two-hybrid system (Table 1) that
showed only one strong apparent hetero-interaction
between P1A-P2B proteins. Moreover, very weak
and virtually similar P2A-P2A, P2B-P2B homo-inter-
actions, and P1B-P2A hetero-interactions were also
detected. Analysis in all possible arrangements of
fusion proteins was not feasible, since P1 proteins,
in con¢guration with the BD domain, produce a very
strong signal. However, based upon our previous
results [24], we did not observe any signi¢cant di¡er-
ences in the L-galactosidase activity depending on the
BD or AD arrangement.
Chemical cross-linking and gel ¢ltration chroma-
tography were chosen as supplementary methods to
study P-protein interactions. As indicated in Fig. 1,
all P-proteins were able to form homo-dimers. P2B
protein could occur even in tetrameric and hexameric
states. Using gel ¢ltration chromatography, we no-
ticed a characteristic behavior of P-proteins depend-
ing on the group they belong to. Higher-order homo-
oligomers eluted at V0, and 42 kDa oligomers have
been attributed to the P1 group. The oligomeric
forms of P2 proteins with molecular masses of 52
kDa and 60 kDa could be considered a common
denominator. Having considered monomeric forms
of all P proteins, gel ¢ltration analysis has shown
this form to be present only as a minor form, in
comparison with the dominant oligomer. In the
case of the chemical cross-linking experiment, mono-
mers exist as major forms. Such discrepancy is asso-
ciated with the fact that quantitative cross-linking
has not been accomplished. This is probably due to
an unfavorable distribution of lysine residues close to
the inter-subunit contact area, which are the driving
forces of glutaraldehyde cross-linking.
Although the homo-oligomeric nature of the P-
proteins seems to be an undeniable fact, the existence
of hetero-oligomers ought to be clari¢ed. As yet, we
can demonstrate the hetero-interaction between P1A
and P2B proteins using di¡erent methods. This het-
ero-oligomer is formed very e⁄ciently when both P-
proteins have been co-renatured. This may imply
that the assembly of the complex in vivo occurs si-
multaneously with folding of the nascent P1A and
P2B proteins. Such a behavior has been already ob-
served for non-ribosomal proteins [38]. Other re-
searchers have also implied the presence of the het-
ero-oligomer P1A-P2B. This protein complex is
required for yeast P0-protein-linked resistance to
antifungal sordarin derivatives [39]. Moreover, pro-
teins P1A and P2B are preferentially released from
the ribosomes lacking L12 protein [37]. Also, this
protein complex interacts very e⁄ciently with heter-
ologous P0 ribosomal proteins [40,41]. It should be
noted here that supplementary data have been pro-
vided very recently, showing that P1A and P2B pro-
teins may form in vitro a hetero-complex [42].
As shown before [36], the P-proteins have a hypo-
thetical bilateral hydrophobic zipper and, therefore,
might presumably form oligomers. In this paper we
have provided experimental data that acidic riboso-
mal P-proteins are in fact able to form oligomeric
structures, including homo- and hetero-complexes.
Homo-oligomers are characteristic of all yeast ribo-
somal P-proteins, while hetero-oligomers are mostly
formed in the case of P1A and P2B proteins. It is
surprising that, apart from the P1A-P2B structure,
other hetero-oligomers are not detectable. Such a
behavior indicates that the arrangement of yeast ri-
bosomal P-proteins is far more complicated than that
in higher eukaryotic cells, and that all complexes
assume di¡erent structural and functional roles. All
these data directly support the concept that hetero-
complex P1A-P2B plays an important role in the
formation of the stalk structure on the yeast 60S
ribosomal subunit.
Despite several attempts by other authors to shed
more light on the role of P-protein phosphorylation,
the problem is still unsolved. Recent reports have
shown that phosphorylation of P2 protein from rat
ribosomes, as compared to the unphosphorylated
one, can moderately increase the a⁄nity to the elon-
gation factor eEF2 [43]. Our results are the ¢rst to
show that phosphorylation has an e¡ect on the het-
ero-oligomerization process of the P1A-P/P2B com-
plex (Fig. 3). Incorporation of the phosphate into
P1A protein prevents hetero-complex formation or
may possibly bring instability of the P1A-P/P2B het-
ero-oligomer, and may probably lead to dissociation
of the proteins from the ribosome. This behavior
may explain the mechanism of exchangeability of
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P-proteins between the ribosome and cytoplasm.
Moreover, as has been already determined, the P1A
protein exerts the transactivation potential [29], and
the phosphorylation of P1A is very likely to increase
its transcriptional activity. It should be stressed here
that phosphorylation of many transcription factors,
with a prominent example such as Jun and Fos, leads
to the increment of transcriptional activity [44]. Fur-
thermore, this process a¡ects the a⁄nity of interac-
tion between several transcription factors, for in-
stance Jun/CBP interaction is dependent on the
phosphorylation of the Jun protein [45]. In addition,
interaction between CBP and CREB proteins de-
pends on phosphorylation of CREB, and conse-
quently stimulates the activity of that transcription
complex [46]. What is more, the importance of phos-
phorylation of P1A protein is emphasized by the
very fact that the Vmax value is signi¢cantly higher
for this protein than for other P-proteins, regardless
of the protein kinases used for the experiment [13].
Moreover, the experiment on the deletion mutant
lacking the group of P1 proteins has shown that in-
troduction of a mutated P1A protein, where phos-
phorylatable serine 96 was replaced by valine, led to
the reversion of osmotic sensitivity [47]. This might
therefore imply that the unphosphorylated P1A pro-
tein can interact with the ribosome more e¡ectively.
Very recently, two reports have shown that P1A pro-
tein might play a crucial role in the formation of the
ribosomal stalk. The ¢rst, the large-scale yeast two-
hybrid screening of about 6000 full-length open read-
ing frames, indicates that the P0 protein interacts
only with P1A proteins [48]. The second, performed
in vitro, shows the P1A protein to interact with the
ribosomal core particle deprived of P-proteins.
Meanwhile, other P-proteins are not able to interact
with such ribosomes. Moreover, the translational ac-
tivity of ribosomes was not restored with the P1A
protein only. Reactivation of protein synthesis was
obtained after the P2B protein was also added [49].
All these data might imply that the phosphoryla-
tion of P1A protein can play an essential physiolog-
ical role in the formation of the ribosomal stalk.
Thus, we postulate the pentameric complex to be
formed sequentially, with the P1A protein as an an-
chor for the P1B, P2A and P2B proteins. In this
respect phosphorylation of the P1A protein may as-
sume a dual physiological function. First, it may pre-
vent P1A-P2B complex formation, subsequently
leading to ribosomes devoid of P-proteins (such a
physiological state of the ribosomes has already
been observed), which would lead to translation of
a di¡erent subset of mRNA by the ‘bare-ribosomal-
particle’ as compared to the ‘full-ribosomes’ [50]).
Second, phosphorylation of the P1A protein in the
pentameric complex may bring instability of the lat-
eral protuberance, and such a process might explain
the interchangeability of the P-proteins between the
ribosomes and cytoplasm.
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